Abstract: A significant problem with high-power LED luminaires is heat. Aluminum heat sinks have been extensively used as a solution. The most common method for heat sinks that increases surface area uses fins. In the present study, pin-and plate-fins were compared and it was observed that, in equal surface areas, better cooling was achieved by pin-fins.
Introduction
Light-emitting diodes (LEDs) are solid-state lighting sources increasingly used in general illumination. LEDs have high energy efficiency and long lifetimes. LEDs are also eco-friendly, with low ultraviolet radiation (higher safety) and no mercury.
Power supplied to LED is converted to light and heat. As temperature increases-indicating that more of the input is converted to heat-efficiency decreases [1] . This process will continue until the LED fails or the heat generated is somehow dissipated and reaches equilibrium at some temperature.
There are several reasons for managing LED temperature [2] . The light output decreases as the temperature increases and so a hotter device is a dimmer device [3] . In addition, the color of the light shifts with temperature change, and the lifetime of the device decreases at elevated temperature. There is an absolute maximum temperature, at which there is a risk that the device will suffer irreversible damage.
Temperature plays a significant role in optimizing light output and reliability. High junction temperatures will lead to higher device temperature, which will lead to deterioration of the encapsulate material [4] . It therefore becomes vital to know the operating junction temperature of the LEDs in the luminaire. In many cases, the area available for cooling for a medium-to high-power LED is not sufficient and hence area extension is required, usually by means of a local heat sink. A heat sink performs two functions: enlarging the surface area and spreading the heat. A more efficient heat sink may reduce the requirements of weight, volume, height, and/or fans, thereby saving money on the system level. A heat sink is a general cooling system that is used for electrical items like LED lights, computers, and generators. The use of heat sinks for electrical items other than LEDs dates back many decades, and there are numerous studies in the literature regarding heat sink use for different disciplines and purposes [5] [6] [7] . However, the present study aims particularly to investigate a heat sink model that will lower heat in LEDs. When heat sinks are used with LEDs, their weight, thermal performance, and applicability to installation need to be considered. A very heavy or expensive heat sink cannot be used with many LED luminaires.
Numerous studies have focused on heat sinks to cool high-power LED lamps [8] [9] [10] [11] [12] [13] [14] [15] . Yu et al. [8, 9] compared the effects of the number of fins, fin length, fin height, and heat flux on the thermal resistance and the heat transfer coefficient only in plate-fin heat sinks. As the number of fins, fin length, and fin height increased, the thermal resistance and heat transfer coefficient generally decreased. Jang et al. [10] examined the cooling performance and mass of a pin-fin radial heat sink and they compared a pin-fin heat sink with a plate-fin heat sink. They indicated that the system was sensitive to the number of fin arrays, as well as the length of the middle and long fins, and they also demonstrated that a pin-fin heat sink reduces the mass by more than 30% while maintaining a similar cooling performance compared to that of a plate-fin heat sink. Shen et al. [11] studied the performances of four rectangular fin heat sinks applied in LED applications in eight different orientations. The results indicated that denser fin arrays are more sensitive to orientation. Charles et al. [12] examined the heat transfer coefficient characteristics of rectangular, trapezoidal, and inverted trapezoidal platefin heat sinks subjected to horizontal arrangement under natural convection. The experimental results showed that the heat transfer coefficient for the proposed inverted trapezoidal fin configuration appreciably outperforms those of rectangular and trapezoidal designs. Park et al. [13] considered a staggered pin-fin radial heat sink mounted on a horizontal wall for LED device cooling. The staggered pin-fin radial heat sink has been identified as the optimal configuration, demonstrating improved thermal performance by up to 10% while maintaining the same mass or reducing the mass by up to 12% for a given thermal resistance. Huang et al. [14] developed a simulation method for LED lamps in order to investigate thermal and fluid fields inside a lamp. The chip temperature and air velocity inside the shell of the LED lamp were shown to decrease with an increase in the number of fins. Some of the previous studies were concerned with pin-fin heat sinks [5, 13, 15] while some of them were concerned with plate-fin heat sinks [8, 9, 11, 12] . Both pin-and plate-fins have been investigated in some studies [10, 16] However, in these studies, the objective functions such as the total heat dissipation and the heat dissipation per unit mass have been used. Therefore, in the present study, both pin-and plate-fin heat sinks were investigated to cool high-power LEDs. The objective of the present study was to determine the lowest junction point temperature, which is very important for LEDs. However, the length, width, and number of the heat sink fins, being design variables, were different from those of previous studies. In the present study, simulations of different numbers of pins were carried out by using pin-fin and plate-fin heat sinks to cool high-power LEDs and the number of fins giving the lowest T max value (the highest junction point temperature) was accepted to be optimum for each group and optimum values were compared with different groups.
Thermal modeling
The physical system is simplified by arranging LED as heat source on a PCB surrounded by air using simulation models. In this study, luminaire drawings were made via SolidWorks software, and simulations were analyzed via the Flow Simulation module of the same program.
SolidWorks flow simulation solves the Navier-Stokes equations [17] , which are formulations of mass, momentum, and energy conservation laws for fluid flows. The equations [18] are supplemented by fluid state equations defining the nature of the fluid, and by empirical dependencies of fluid density, viscosity, and thermal conductivity on temperature.
For solving thermal and dynamical fields, governing equations [18] in the Cartesian coordinate system rotating with angular velocity Ω about an axis passing through the coordinate system's origin can be written as follows:
where u is the fluid velocity, ρ is the fluid density, p is the pressure, S i is a mass-distributed external force per unit mass due to a porous media resistance (S h is the thermal enthalpy, Q H is a heat source or sink per unit volume, τ ij is the viscous shear stress tensor, and q i is the diffusive heat flux. The subscripts are used to denote summation over the three coordinate directions. For Newtonian fluids, the viscous shear stress tensor is defined as
Following Boussinesq, the Reynolds stress tensor has the following form:
Here δ ij is the Kronecker delta function (it is equal to unity when i = j , and zero otherwise), µ is the dynamic viscosity coefficient, µ t is the turbulent eddy viscosity coefficient, and k is the turbulent kinetic energy. For laminar flows, µ t and k are equal to zero. Flow simulation solves the governing equations with a discrete numerical technique based on the finite volume method [18] . The Cartesian rectangular coordinate system is used. To obtain space discretization, the axis-oriented rectangular grid is used far from a geometry boundary. Flow simulation combines advantages of approaches based on regular grids and ones with highly accurate representation of geometry boundaries.
There are several boundary conditions that should be taken into consideration. The first of these conditions are the initial values. For these simulations, initial ambient pressure is 101,325 Pa, initial ambient temperature is at 25
• C, and initial solid temperature is also at 25
The other one of these boundary conditions is the mesh density. The mesh detail of one of the simulations ("9 pin 3 × 35" file, which houses 81 pins, pin-fins with a 3 × 3 mm base width, and a 35 mm height ) is shown in Figure 1 . For the same example, the result was achieved after 123 iterations using 1283 s of CPU time. In the mesh, total numbers of cells are 191,006 cells, the number of fluid cells is 182,531, and the number of solid cells is 8475. The computational domain of this example is given in Figure 2 . 
Heat sink structures used in simulations and luminaire selection
The most common method for heat sinks that increases surface area uses fins. This method not only decreases a heat sink's mass, but also increases the surface area enabling heat transfer. Pin-fins with a 2 × 2 mm base width and a 35 mm height and plate-fins with a 35 mm height, a 2 mm width, and a 55 mm length were compared at the beginning of the study. Pin-fins achieved better cooling in equal surface areas. Then the concentration was on pin-fins and the results of pin-fins with different dimensions were compared. Variables used were fin height ( h k ) and base width ( L k ). Fin heights of 25, 35, and 45 mm, and base widths of 2, 2.5, and 3 mm were compared.
The luminaire was designed to have the basic characteristics required for every simple luminaire. The LED used in the study is the CXA 2011 model of Cree [19] (Durham, NC, USA). The catalogue properties of the XLamp CXA 2011 are given in Table 1 . The reason for choosing this LED was that it is a product preferred in single-power LED use and it provides convenience in terms of thermal design. A metal-filled printed circuit board (PCB) was used in this design. The luminaire surface connected to the PCB was used as the base of the aluminum heat sink. A reflector was added to the design because it would not influence the thermal simulation. The bottom of the luminaire was covered with glass. The properties of these materials are given in Table 2 . A quadratic luminaire, widely used in real practice as shown in Figure 3 , was preferred for comparing different types of heat sinks.
Comparison of pin-and plate-fins
Two fin designs were made for comparing pin-and plate-fin types. The first one was the pin-fin with a base area of 2 × 2 mm 2 and a height of 35 mm; the second one was the plate-fin with a 35 mm height, a 2 mm width, and a 55 mm length. The parameters changed in the study were base width and fin height.
Simulation models of pin-and plate-fins, whose numbers ranged from 4 to 15, were carried out and the results were compared. Of 24 thermal simulations carried out, only the results of 4 simulations are given in Figures 4 and 5 . The reason for preferring these simulations is that the lowest temperature values were achieved when 10 × 10 pin-fins were present in pin-fins and 8 plates were present in plate-fins. The purpose was to determine the lowest (T min ) and the highest ( T max ) temperatures in solids. Thus, in the SolidWorks program, simulations were continued until the lowest and the highest temperatures were constant. The lowest and the highest temperatures obtained during simulations are given in Tables 3 and 4 . The simulation results shown in Tables 3 and 4 are pictured in Figure 6 . The lowest temperature values are obtained when 10 × 10 pin-fins and 8 plate-fins are used. Figure 6 shows it is possible to reach the lowest temperature value by using pin-fins, not plate-fins. Figure  7 shows the relationship of effective surface area ( A s ) and junction point temperatures in pin-and plate-fins. Lower junction point temperatures can be obtained by pin-fins rather than plate-fins in equal surface areas. When the results shown in Figures 6 and 7 are examined, it is clear the use of pin-fins is more effective than that of plate-fins. Many studies have considered a pin-fin heat sink as an alternative to a plate-fin heat sink [10, 15] . They also demonstrated that a pin-fin has superior cooling performance compared to a plate fin. Joo and Kim [16] demonstrated that, under fixed volume conditions, pin-fins have generally better heat dissipation per unit of mass than plate-fins. From [16] , it was found that the answer to the question 'Which type of a heat sink performs better?' depends on the objective function.
In this study, the objective was to obtain the lowest the junction point temperature. As shown in Figure  6 , it is possible to achieve the lowest temperature value by using pin-fins, not plate-fins. Therefore, pin-fins continued to be used in the optimization study.
Optimization of pin-fin design
The study continued with pin-fins, which achieved lower junction point temperatures, and the effects of pin-fins' base width and height were analyzed. Base widths were 2, 2.5, and 3 mm; heights were 25, 35, and 45 mm. The simulation sample pool was decreased from 12 to 8 because, as a result of previous simulations, detailed sampling was not necessary and optimum values changed within a certain range.
Three different base, width, and fin values were changed one by one, resulting in a total of nine simulations. In other words, the first group simulation included a base width of 2 mm and three different heights of 25, 35, and 45 mm. The results are given in Tables 5-7 , respectively. Similarly, results from the second group are given in Tables 8-10, and from the third group in Tables 11-13 , with the same heights and base widths of 2.5 and 3 mm, respectively. In these tables X , Y , and Z indicate number of fins, fin height, and fin base width, respectively. The temperature legend shown in Figure 8 was used in all figures related to temperature. Eight simulations, in which the number of fins ranged from 6 to 13, were carried out to obtain optimum values. Of the nine simulation sets, the simulation with a base width of 3 mm and a height of 45 mm is given in Figure  9 . Temperature changes on the fin for each case, where the number of fins ranged from 6 to 13, are shown in Figure 9 . As observed, the lowest temperature level was obtained for the 8 fin array. Results, in which all data was evaluated carefully, are given in Tables 5 to 16 instead of eight simulation figures, similar to Figure 9 . Table 8 . Tmax , Tmin , and As values based on X when Y = 25 mm and Z = 2.5 mm.
Number of fins 6 × 6 7 × 7 8 × 8 9 × 9 10 × 10 11 × 11 12 × 12 13 × 13 
Results
Two 3 × 3 × 8 matrices were constructed by using the lowest and highest temperature values obtained from each simulation, and a result matrix was constructed by gathering all results. Three variables are number of 
each case were used for the matrix data. Eq. (7) below was used for calculating variable area, where the heat sink is contact with the air.
where A s is the effective heat sink area, n k is number of fins, L k is fin base width, L s is the substrate width, and h k is fin height.
After appropriate simplifications, we get Eq. (8):
The result matrix, due to the difficulty of indicating a 3D matrix on paper, will be shown piece by piece in this study. For convenience, the matrix was divided into nine equal parts. In the matrix, X , Y , and Z axes indicate number of fins, fin height, and fin base width, respectively.
When the result matrix is examined, a couple of results stand out. The first is that the optimum T max values at constant fin heights are very close to each other.
As shown in Table 14 , for optimum values obtained for the same fin heights, the highest junction point temperatures remain close to each other, even when the base width is changed. The second result that stands out is that optimum A s surface area values at constant fin heights are very close to each other.
As shown in Table 15 , for optimum values obtained for the same fin heights, the highest effective surface areas remain close to each other even when base width is changed.
Finally, optimum values are obtained for the same number of fins when the base width is constant, as shown in Table 16 .
Conclusion
In the present study, possible solutions to LEDs' heating problems were investigated by using different heat sink fins. In analyses performed by SolidWorks, the first step was comparing plate-and pin-fins. The lowest junction point temperature values were obtained when 10 × 10 pins and 8 plates were used. These values are optimum for this type of heat sink structure. If the numbers of fins differ from these values, the junction point temperatures will increase.
Lower junction point temperatures were obtained by using the pin-fin type heat sink compared to the plate-fin type one. Moreover, for equal surface areas, lower junction point temperatures were measured in pin-fin type heat sinks. For these two reasons, pin-fin type heat sinks were more effective, and so the pin-type was pursued for achieving optimization.
During the ensuing part of the study, comparative analysis was conducted by changing base width dimensions and the heights of the pin-fins. Selected base widths were 2, 2.5, and 3; selected heights were 25, 35, and 45 mm.
The comparisons yielded three results. The first result was that optimum junction point temperatures (T max ) were very close to one another at constant fin heights. In other words, for optimum values obtained at the same fin heights, the highest junction point temperatures were close to one another, even if base widths were changed. The second result was that optimum A s surface area values at constant fin heights were very close to one another. For optimum values obtained at the same fin heights, the highest effective surface areas were close to each other, even if base widths were changed. The last result was that optimum values were obtained for the same number of fins when the base width was constant. The results of both highest junction point temperatures and the effective surface areas at constant fin heights shows the optimum temperature and surface area for each fin height independent of base width. Moreover, simulations revealed that regardless of fin height for a constant base width, the number of fins was constant with respect to the design of the best thermally luminaire. Because an increase in the fin height increases surface area, the optimum surface area will not be achieved and that will increase the cost of manufacturing, obstructing the installation. Increasing the number of fins eventually prevents air flow. Determination of an optimum number of fins to be used in luminaires before design will be on the spot. Finally, in the market, LED manufacturers prefer the plate-fin heat sink because of the ease of production. However, it would be more appropriate to use the pin-fin heat sinks with both lighter and lower junction point temperatures. The results have practical significance in designing high-power LED luminaires.
